A simple method and simple camera of small size for obtaining X-ray topographs with a microfocus X-ray source are described and initial results and their interpretation are given for an LiF crystal. The method is based on scanning a Kossel line across the recording film by simultaneously translating the crystal and film relative to the source and to a stationary mask that blocks most of the scattered and fluorescence radiation. The mask, which is located between the specimen and the film, is made by using the Kossel line recorded on a film in the mask plane as a pattern; this provides self-alignment of the system. Theoretical calculations are given that indicate the potential angular resolution of the method when applied to nearly perfect crystals. The advantages of this method over similar methods using the X-ray continuum diverging from a point source are discussed.
Introduction
It is known that some crystal materials used for X-ray spectrometers may contain gross defects that influence their efficiency as X-ray diffractors (Jenkins, 1972) . These defects, sometimes called subgrains, are often present in melt-grown alkali halide crystals, notably LiF and NaC1, and consist of regions that are misoriented with respect to each other by as little as a fraction of a minute of arc or by as much as a few tenths of a degree. These misoriented regions would obviously affect the peak and half-width of the crystal's rocking curve. However, few manufacturers of crystal materials for X-ray spectrometers characterize their crystals with respect to X-ray diffraction quality by measuring the rocking curves.
In addition to the rocking-curve method, other methods for evaluating the quality of crystals are white-beam synchrotron-radiation topography (Miltat, 1980 ) and Lang's transmission method of X-ray topography. Examples of subgrains revealed by white-beam and characteristic X-ray topography * Departments of Materials Science and Electrical Engineering. t Department of Materials Science.
were given by Miltat (1980) . Topographs obtained with Lang's method have been published by Miltat (1980) and by Jenkins (1972) for LiF crystals and by Lang (1959) for LiF and MgO crystals. Methods for X-ray topography based on laboratory sources frequently employ special topographic cameras with long collimators (e.g. 1-2 m) between the source and the specimen; as a result, the available X-ray flux is inefficiently utilized, requiring long exposure times and high-power X-ray sources. Also, a means for precisely aligning the crystal and a means for detecting the diffracted radiation are usually needed.
In our work on the fabrication of doubly curved X-ray diffractors (Wittry & Golijanin, 1987; Golijanin, Wittry & Sun, 1989; Sun, Tormey & Wittrey, 1990) we required a means to evaluate the LiF material that was being used for some of the diffractors. Because an X-ray topographic camera was not available, we devised a simple method for characterizing crystals with respect to the presence of subgrains based on the use of the same microfocus X-ray source that we constructed for evaluating the doubly curved diffractors (Wittry & Golijanin, 1987) . The use of a microfocus X-ray source is advantageous for this purpose; it can provide high resolution and requires only low power and relatively short exposure times because the source is of small size (-25~m) and the X-rays diverging from the point source can be used with minimal collimation. The topographic camera, initial results and an explanation of the results are presented in this paper.
Experimental procedure and results
The topographic camera we used is shown schematically in Fig. 1 . It is based on translating a crystal and a photographic film simultaneously so that a Kossel line~ produced by diffraction of diverging X-rays .~ Kossel's original discovery involved diffraction of X-rays produced in a crystalline target of an X-ray tube and the term 'pseudo-Kossel' line has been used to denote diffraction conics formed when the X-rays are produced in a target layer on top of the crystal. The present case involves the use of an X-ray source at some distance from the crystal specimen. It seems appropriate to use the term Kossel line for all of these cases if the length of the diffracted line recorded is sufficiently great that its curvature is not negligible.
from the point source of X-rays is scanned in a direction parallel to the crystal's surface and perpendicular to a portion of the Kossel line that results from diffraction by one of the crystal planes, e.g. a plane which is parallel to the surface.
The camera shown in Fig. 1 was made from standard aluminium bar, plate and angle stock. It consists of three assemblies: (1) a moving U-shaped frame that supports the crystal and the film; (2) a piece of a ball-bearing slide of the type used for electronic equipment; and (3) a mounting frame (not shown) that supports a stationary plate for a mask and the mounting angle to which the slide is attached. The partial assembly shown in Fig. 1 is attached to the mounting frame by a 1/4-28 bolt which provides a crude tilt adjustment. In typical use, the subassembly shown in Fig. 1 is tilted about 20-40 counterclockwise about the tilt axis and is pulled uphill by a cable wrapped around a capstan driven by a slow-speed synchronous motor (not shown). In order to minimize exposure of the film by scattered or fluorescence radiation, a stationary mask is used with an aperture that provides for transmission of the diffracted radiation but blocks most of the other radiation from the crystal.
To avoid critical alignment of the crystal or the mask and to obtain results without the use of an X-ray detector and counting-rate meter, the mask is made by placing a Polaroid type 57 film packet on the stationary frame that is used to support the mask and recording the Kossel line on this film. The film is then removed from the stationary frame, the positive print is removed from the packet and the negative remaining in the packet is used as a pattern to cut the mask from lead foil using a razor blade. The film packet and the lead foil mask are then placed on the stationary frame in the same position as used for recording the Kossel line. In this way, the mask and the diffracted beam are self-aligning. Finally, the film used for recording the topograph is placed on the carriage below the mask and the crystal and film are translated at a rate of about 5 cm h-~ by the capstan drive while the film is being exposed. Before the mask is made, it is necessary to obtain a suitable tilt angle and starting point for crystal carriage along its track. This is done in the following way: after setting the tilt adjustment according to the Bragg angle for a given crystal orientation and X-ray wavelength, a few trial exposures are made with film mounted on the mask support. During these trial exposures the tilt adjustment is varied; this adjustment is not critical because it only determines at what point on the crystal's surface the topograph will begin. Using type 57 Polaroid film, only a few minutes are required for each exposure during the set-up adjustment.
The width of the slit in the mask is not critical when studying gross defects because its function is only to block the scattered radiation. However, when studying crystals having subgrains with small tilt angles, the mask could be used to discriminate between the Ka~ and Ka2 reflections; in this case, a more elaborate arrangement for positioning the mask would be required and the contrast in the image would be modified from the contrast that is described in the following section.
An example of a diffraction topograph of part of the (111) The size of the crystal face was 33 × 50 mm and the image was recorded in 25 rain on Polaroid type 57 film with Cu Ka radiation (08 = 41.48' for the 222 reflection). The microfocus X-ray source was operated at 30 kV with a target current of 150 ~A. This topograph has the appearance of a threedimensional object; the regions at the subgrain boundaries appear as steps between flat regions at different height. The explanation of this effect is given in the following section. In addition to the main image, weaker partial images showing the same type of contrast are also evident in Fig. 2 . These images result because other Kossel lines making an angle with respect to the slit are also scanned over the crystal and a portion of such lines may pass through the slit. These secondary images can be minimized by using a narrower slit, by using longer-wavelength characteristic X-ray lines so that fewer lines are obtained in the Kossel pattern, or by choosing a different orientation of the crystal about the normal to the planes being used for the main image. Fig. 3 illustrates the origin of the contrast effects in the topograph shown in Fig. 2 (note that, for illustration purposes, Fig. 3 is inverted relative to the camera shown in Fig. 1 ). The misorientation of the subgrains produces a shift of the Kossel line from one subgrain relative to an adjacent subgrain. If the title occurs about an axis perpendicular to the subgrain boundary, as shown in Fig. 3(a) , the images of the subgrains are translated relative to each other in a direction parallel to the subgrain boundary. On the other hand, if the tilt occurs about an axis parallel to
Interpretation of the results
liLT AXI S (b) Fig. 3 . Geometry of the diffraction topographic method showing the mechanism for contrast formation at subgrain boundaries.
the subgrain boundary, the images from two adjacent subgrains either overlap, producing a white line at the boundary, or they move apart, producing a black line at the boundary. The width of the black or white lines is thus a measure of the tilt angle a in Fig. 3(a) or the tilt angle fl in Fig. 3(b) . This is translated by the observer into a difference in elevation of the two subgrains because the white lines look like a step facing the direction of apparent illumination and the black lines look like a step on the opposite side from the illumination. Quantitative interpretation is also possible. The width of the black line A or B is given for the two cases shown in Fig. 3 by
where D is the distance between the plane of the crystal face and the plane of the image and the angles a and fl are measured in planes perpendicular to the two orthogonal tilt axes. For example, if one takes the maximum width of a horizontal part of one of the white lines in Fig. 2 as 0.3 mm, then from (la) we obtain a =0.3/24.1 rad where 24.1 mm is the specimen-to-film distance. For this example, the tilt angle a would be 1-2 x 10 -2 rad or 0-71 ~ if monochromatic X-rays were used. However, the Kossel line was formed by the Kaj and Ka2 lines which were not resolved due to the large rocking-curve width of the cut and polished LiF crystal that was used. In this case, the amount of overlap is increased by AO with AO obtained from differentiating Bragg's law, nA = 2dsin0, so that AO = (AA/A)tan08.
(2)
The two lines of the doublet are separated by about 0.0038 A and have a wavelength of about 1.54 A, hence the angular separation of the doublet would be given by AOd = (0"0038/1"54)0"88 = 0"0022 rad.
Thus, in this example, the tilt angle corrected for the effect of two wavelengths would be approximately 0.71 -0.12 ~ = 0.59 ~' .
Angular resolution of the method
The example shown illustrates the application of this method of topography to gross imperfections in imperfect crystals. It is also useful to consider the possibilities of studying nearly perfect crystals using topographs formed by Kossel lines because this method appears to have wider application than indicated by the one example given. We shall show that in this case the smallest tilt angle detectable depends on the minimum observable contrast in the image.
The width of a Kossel line formed by a microfocus X-ray source is determined by the following factors: (1) the width the rocking curve for the crystal material; (2) the angle subtended by the source at the specimen; and (3) the natural width of the characteristic X-ray line. The FWHM of the rocking curve for good crystals (e.g. quartz) averaged over a large area is of the order of 14 s of arc (6.8 × 10 -5 rad). The source used in the present work was about 25 ~m in diameter and was located at a distance of 70 mm from the crystal. Allowing for the projection at an angle of incidence of 41.48 °, the angular divergence corresponding to the finite source size is AO1 = 2.36 × 10 -4 rad. This could be reduced by a factor of about three without loss of intensity if the aperture in the electron beam column were optimized and an LaB6 cathode were used. The natural width of the Cu Ka~ line is 2.61 eV (Deutsch & Hart, 1982) and its energy is 8.03 keV. Then, for a Bragg angle of 41.48 ' (2) gives AO, =2.16 × 10 -4 rad. In the following discussion we assume that the natural line width is the most important limiting factor. However, it is clear that the combined effect of the finite source size and the natural line width can be treated in the same way as the effect of the natural line width only.
The a2 line could be eliminated by a slit which would need to have a width and positioning accuracy of _< 0.15 ram. However, it is not necessary to eliminate this line if the crystal has a rocking-curve width sufficiently small that the a, and a2 lines can be distinguished on the image. Assuming that the a2 reflection is eliminated or sufficiently separated from the a~ reflection, we can estimate the minimum tilt angle that can be detected. For this calculation we assume a situation as shown in Fig. 3(b) with the scanning motion perpendicular to the boundary between two subgrains that are tilted with respect to each other about an axis parallel to the subgrain boundary. Also, we assume that B is negative, i.e. the images overlap.
First, we note that the intensity distribution of the natural line is an asymmetric Lorentzian (Deutsch & Hart, 1982) . Neglecting the symmetry, we may assume that the intensity distribution across a Kossel line on the film has the form
In this equation, Y is a normalized coordinate equal to the y position divided by half the FWHM of the Kossel line. Equation (4) follows the more familiar form of a Lorentzian given in terms of the energies E and Eo, namely
by replacing E0-E by AE with AE = (-hc/A2)aA and using AA = 2dcosOAO. Equation (lb) can be used to relate AO to Y; then the FWHM A Y of the Lorentzian of (4) is given by
Now, let us use G(X) to simulate the intensity profile obtained when scanning the Kossel line by translating the crystal and film at a given speed. For convenience in calculation we assume the translation speed is chosen so that the X coordinate is in units of A Y/2. Then G(X) is a convolution of the Lorentzian curves of (4) which can be represented by the following equations for grain 1 and grain 2, respectively:
In these equations, a is an image displacement relative to A Y/2; an image displacement of 2a corresponds to a tilt angle between the two grains equal to a times A02.
Note that while the intensities in the images from grains 1 and 2 are proportional to Gl(X) and G2(X), both intensities change in inverse proportion to the scanning speed. Similarly, the position coordinate x will be directly proportional to the scanning speed, which, if constant, will change the X scale factor by the same amount for both grains. Thus, the relative intensities of the separate images of the subgrains and also the intensity of the superposed images relative to the separate images does not depend on the scanning speed.
Equations (7) and (8) for a = 0 are plotted in Fig.  4 along with their sum for values of a equal to 0, 0.1, 0.2 and 0.3. It can be seen from Fig. 4 that the ability to distinguish small tilt angles is thus dependent on the minimum contrast that can be observed in the image. For example, if a = 0-1, corresponding to a tilt angle of 1/10 of the FWHM of the a~ reflection, the contrast AI/I in the image would be about 6-4%. Therefore, it should be possible to detect tilt angles of the order of the width of the rocking curve of good single crystals. Quantitative measurement of these small tilt angles would be possible with the use of two topographs made with different orientations of the crystal and densitometer scanning of the images recorded on film having a linear (or calibrated) response. In this case, a more precise mechanism for translation of the crystal and film than the one we have used might be required.
Discussion
Other investigators have described X-ray topographic methods for obtaining information on the tilt of subgrains or domains. For example, tilt angles of subgrains in NaCl and A1 were studied by Schulz (1954) and defects or subgrains were indicated in X-ray topographs of single crystals of ruby, NaC1, LiF and ADP obtained by Birks & Grant (1964) . Topographs of LiF recorded by Kohra & Takano (1968) compared the results of the Lang method and their topographic method for evaluation of LiF and Si crystals. Domains in antiferromagnetic MgO and ferroelectric BaTiO3 were studied by Kranjc (1968) . X-ray techniques were also used to determine misorientation of domains in BaTiO3 (Bousquet, Lambert, Quittet & Guinier, 1963) and to indicate twinning in NiO crystals (Kohn & Iida, 1964) .
Most of the methods used in these previous investigations are subject to the usual limitations of the Lang or Berg-Barrett techniques. As mentioned in the Introduction, special cameras may be needed and provisions for orienting the specimen and detecting the diffracted beam may be required. In contrast, our method uses a very simple topographic camera and, in principle, could provide high resolution if a single characteristic line is used (e.g. the Ka. line instead of the Ka2 doublet). In addition, our method, like the method of synchrotl,~n-radiation white-beam topography (Miltat, 1980) , provides the possibility of quantitative determination of larger misorientation than the Lang or the Berg-Barrett techniques.
The method we used is similar in some respects to methods previously used for X-ray topography. For example, X-ray sources of very small size were used by Schulz (1954) , by Yoshimatzu, Shibata & Kohra (1965) and by Kohra & Takano (1968) . Diverging monochromatic X-rays were used by Kohra & Takano (1968) with an instrument in which the diverging rays were produced by the focusing properties of a cylindrically curved crystal diffractor. Polcarovfi & Bradl6r (1987) Kishino, Sugata & Kohra (1967) provided distortion compensation in a simpler way]. Our method is most similar to the method of Schulz (1954) which used the diverging X-rays from a small source without a slit to limit the source size. In his paper, Schulz showed a topograph of an NaCI crystal that is very similar to our topograph shown in Fig. 2 . However, Schulz used the X-ray continuum rather than a characteristic X-ray line and thus avoided the need for moving the specimen and the film.
Our method, which uses Kossel lines formed by the characteristic radiation combined with scanning the crystal and the film, has the following advantages over the method of Schulz which used the X-ray continuum:
(1) Because a mask can be used to limit the radiation striking the crystal, the effect of scattered and fluorescence radiation is reduced. This means that higher voltages can be used advantageously for the electron beam giving a higher current in the electron focal spot (the brightness of the electron source increases in proportion to the accelerating voltage V0). Also, the characteristic line intensity increases as (V0-V~) ~5 where V~ is the critical excitation potential. But the continuum intensity of a given wavelength increases only as Vo while the total background radiation increases as V(~. Thus, shorter exposure times and higher contrast can be obtained when the characteristic lines are used.
(2) The angle of incidence of the X-rays with respect to the crystal planes is constant over the extent of the topograph and is precisely known because monochromatic radiation is used at the Bragg angle.
(3) Extraneous images due to diffraction by other planes are more readily eliminated due to the use of the mask. They may also be eliminated by suitable choice of the wavelength of the characteristic radiation since longer wavelengths yield greater separation of the lines in the Kossel pattern.
(4) If the X-ray continuum were used and if Kossel lines happen to lie in the range of angles and wavelengths included in a Schulz topograph, these Kossel lines will overexpose the stationary film and will spoil the topograph.
(5) The use of characteristic lines can theoretically provide sufficient angular resolution to study subgrains with small tilt angles in nearly perfect single crystals.
Concluding remarks
Successive images made by this method using the same crystal were similar to the image shown in Fig.  2 . However, a second LiF crystal, which was obtained 15 months later from the same vendor, gave uniform contrast in the topograph. Thus, it has been shown that X-ray topographs made with Kossel lines can provide information on the tilt angles of subgrains in imperfect single crystals. Further work is in progress on the angular resolution and spatial resolution of this method of X-ray topography, on the possible observation of local strain and other types of defects, on the nature of the subgrain boundaries as indicated by the intensity profiles and on the use of this technique for the formation of stereo pairs using techniques similar to those described by Armstrong (1980) .
